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MEASURING  pH  WITH  HIGH  LI  RESISTANT  MEASURING  DEVICES 

/Following  is  a  translation  of  an  article  by  Hans  Joachim 
Wolf  in  the  German-language  periodical  Zeltschrlft  fur 
Instruments  (Journal  of  Instruments),  Vol  67,  No  6,  1959, 
pages  147-195 kj 

In  order  to  understand  the  peculiarities  of  electrometer  ampli¬ 
fiers  for  the  determination  of  pH  values,  the  direct  coupled  d.  c. 
amplifier  has  been  described  first .  The  means  which  are  known  at 
present  for  the  improvsaeat  of  the  connection  are  mentioned  in  order 
to  obtain  the  highest  possible  stability  and  measuring  accuracy. 
Furthermore,  different  systems  of  modulated  amplifiers  are  shown  and 
practical  ©camples  are  given.  A  distinction  has  been  made  between 
direct  reading  and  compensating  instruments. 

Exoept  for  the  less  exact  color  indicators  for  orientation  pH 
determination,  modem  industry  and  research  relies  almost  solely  upon 
electrometric  measuring  methods  for  pH  determination .  The  most 
commonly  used  system  is  a  glass  electrode  as  a  pH  detector  together 
with  a  measuring  device  connected  In  the  manner  described  below*  The 
total  tension  of  a  glass  electrode  measuring  chain  is  made  up  of  at 
least  four  half-elements;  the  potential  building  points  on  the  inner 
and  outer  glass  gelatin  layer  and  the  inner  and  outer  reference 
electrode.  Asymmetric  potential  of  the  glass  gelatin  layer  and 
diffusion  potential  on  the  dlaphragn  of  the  outer  reference  electrode 
are  also  possible*  Of  these  individual  potentials,  only  that  on  the 
outer  glass  gelatin  layer  which  is  in  contact  with  the  solution  to  be 
measured  should  change  its  Talus  in  accordance  with  the  respective 
a+  activity  of  the  solution.  Since  the  thermo -dynamically  defined  pH 
value  is  not  accurately  measureable  in  practice,  a  conventional  pH 
scale,  which  is  based  upon  the  arrangement  of  certain  pH  values  for 
so-called  calibrating  buffer  solutions  (Primary  Standard,  for  instance 
0.05  m  potassium  biphthal&te). 

In  highly  resistant  measuring  chains  such  as  the  glass  elec¬ 
trode,  the  measurement  and  recording  of  the  pH  value  places  great 
demands  upon  the  measuring  device  used.  This  applies  particularly  to 
the  input  resistance  of  the  measuring  device,  its  accuracy,  its 
linearity  and  horizontal  stability.  Due  to  the  high  resistance,  only 
instrument  a  with  electron  tubes  come  into  question  at  the  present  time. 
The  electrometric  tubes  which  were  used  earlier  for  this  purpose  be¬ 
cause  of  high  grid  insulation  and  good  v&oiuso.  are  now  best  replaced 
by  nonaal  amplifying  tubes*  Many  devices  contain  the  standard  Indus- 
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trial  type  equivalents  of  amplifying  tubes,  some  of  uhioh  have  the 
advantage  of  a  leaser  spread  factor  in  addition  to  a  guaranteed  life 
of  1C, 000  hours. 


The  tensions  of  a  maximum  of  several  hundred  millivolts  which 
are  developed  In  the  measuring  chain  actually  require  no  amplifi- 
o&tloo  for  actuating  a  moving  coil  indicator  gu&ge,  for  Instance* 
Bat,  because  of  the  high  resistance,  a  great  power  amplification  is 
necessary*  Following  is  a  description  of  one  example i 


If  a  voltage  of  100  millivolts  is  applied  to  a  pH  meter  with 
an  input  resistance  of  1012  Ohms,  then  the  input  pover  is 
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At  a  voltage  increase  1,  a  current  of  1  mA  will  be  assumed  for 
the  meter  indicator,  therefore 

Njl  -  U  -  J  =  0.1V  •  1.10-3A  -  10-^W. 


Therefore,  in  order  to  have  a  voltage  increase  of  *  1,  the  instru¬ 
ment  must  have  a  power  increase  of 
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Input  Regjgtapgg 

For  the  following  considerations,  the  resistance  of  the  meas¬ 
uring  oh* in  can  be  assunsd  to  be  from  100  to  1000  mega  ohms,  which 
is  applicable  in  ooet  oases*  When  a  measuring  lnstnmant  is  connected 
to  such  a  measuring  ohain,  a  tension  division  Is  created  with  its 
input  voltage;  i*e*,  the  voltage  at  the  Instrument  injmt  *2  is  not 
equal  to  the  eleotrode  potential  Si  but  rather  a  measuring  error  of 
-  %  results  from  the  input  resistance  of  the  instrument,  Eg. 

Furthermore,  a  taxing  of  the  electrode  by  the  measuring 
device  with  insufficient  'input  resistance  aould  allow  a  polarisation 
tension  to  form,  which  would  mean  a  further  error  in  the  value  of 
the  eleotrode  potential*  The  errors  could  be  practically  ignored  if 
the  input  resistance  of  the  measuring  device  could  be  made  to  be  two 
to  three  times  greater  than  the  measuring  chain  resistance,  as 

R.  .  *  10U  to  1012  Ohms, 
input 


Accuracy 

Depending  upon  the  intended  purpose,  the  aoouraey  of  measure¬ 
ment  achieved  is  ±  0*1  to  ±  0.005  jfl*  In  the  case  of  instruments 
whioh  give  direct  reading  results,  the  original  measurement  error 
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caused  by  Inexactness  of  amplification  is  compounded  by  errors  of 
linearity,  such  as  when  the  instrument  indicator  does  not  line  up 
correctly  with  the  scale# 

Generally  it  it  required  that  pH  measuring  instruments  remain 
constant  in  their  accuracy  and  linearity  even  when  tubes  become  old 
or  are  replaced. 

Stability 

Modem  jH  measuring  techniques  require  electrode  calibration 
through  the  use  of  buffer  solutions*  This  creates  a  demand  for  a 
measuring  instrument  with  a  scale  whioh  is  stable  throughout  a 
certain  period  of  time,  which  is  usually  related  to  the  sensitivity. 
Allowable  variations  are  expressed  in  millivolts  per  hour  or  of  pH 
per  24  hours,  in  Instrument  with  a  soils  stability  of  several  mV 
par  24  hour  period  can  be  considered  suitable  as  a  laboratory  meas¬ 
uring  Instrument  of  average  accuracy,  especially  since  the  zero  point 
on  the  scales  of  these  instruments  can  usually  be  adjusted.  Indus¬ 
trial  pH  measuring  and  recording  place  still  higher  daaande  on  the 
stability  of  measuring  instruments.  Short  Interruptions  and  *xe at 
variations  of  circuit  tension  can  be  expected  in  industrial  syrtei*. 
Some  of  the  connections  described  below  meet  even  these  rigid  require¬ 
ments. 

Instrument  Connection 

Directly  Coupled  Electron  Amplifiers 

With  the  advent  of  grid  controlled  electron  tubes,  it  was 
made  possible  to  control  the  most  nobust  indicating  Instrument*  with 
the  smallest  measurable  smowts  of  power. 

Although  the  nonlinear  displacement  of  the  tube  character¬ 
istic  can  be  taken  into  account  by  means  of  instrument  calibration, 
a  sonxidsrable  inaccuracy  of  measursmaut  is  inherent  In  this  non¬ 
linearity,  for  a  variation  in  the  tube  characteristics  is  unavoidable 
with  tube  age  and  tube  rtplac  suets* 

If  the  indicator  lnstnsMSX*  la  directly  in  the  anode  circuit, 
another  slaeable  prohlea  results  —  namely,  the  loading  of  the  indi¬ 
cator  by  the  anode  rest  current  Jao*  The  "working  point"  at  the  sero 
point  of  tension  of  the  tube  will  be  adjusted  to  the  flattest  possible 
pert  of  the  characteristic  curve  by  a sens  of  the  auxiliary  grid 
tenaioa  D»,  whereby  there  la  a  flow  of  anode  rest  current.  If  It  is 
deaired  to  observe  very  small  measuring  tension  on  the  order  of 
several  mV,  it  will  be  found  that  the  respective  anode  oarrent  change 
us  very  such  nailer  than  the  anode  rest  current  and  is  practically 
not  readable*  Another  disadvantage  is  more  or  less  characteristic  of 
all  directly  coupled  direct  current  voltage  amplifiers;  namely,  ln- 
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sufficient  time— constancy  of  the  measured  value,  even  with  zero  input 
tension#  This  is  mainly  due  to  the  influence  of  variations  in  the 
operating  power,  hut  even  an  exceptionally  good  stabilization  of  the 
power  supply  voltage  does  not  bring  absolute  stability#  A  certain 
straying  of  the  anode  rest  current  will  always  be  observed  because 
of  variations  in  the  cathode  emission*  This  instability  will  appear 
especially  starkly  as  an  inaconraoy  when  tubes  are  turned  off  and 
then  started  again*  Herein  lies  the  great  difference  between  these 
and  the  modulated  amplifier  a  whioh  will  be  described  below  0  which 

can  be  said  to  have  a  practically  absolute  aero  stability. 

The  first  of  the  above  disadvantage*  of  the  directly  coupled 
amplifiers  —  nonlinearity  and  characteristic  curve  displacement,  as 
veil  as  a  lessened  reading  accuracy  due  to  the  anode  rest  current 
being  indicated  —  can  be  eliminated  by  an  appropriate  augmentation 
of  the  connection.  However,  this  brings  only  a  partial  improvement 
of  the  sere  stability*  There  is  one  more  point  whioh  applies  to  all 
directly  coupled  direct  current  voltage  amplifiers,  namely,  the 
exist enoe  of  a  current  in  the  grid  circuit. 

For  all  normal  amplifying  tubes  in  the  usual  connection,  a 
grid  current  of  about  1  •  10-®  amperes  can  be  determined.  At  a 
grid  resistance  of  1  aegaohm,  a  potential  of  about  10  mV  will  result 
due  to  the  grid  current*  This  means  an  insignificant  displacement 
of  the  working  point.  However,  if  the  resistance  between  the  cathode 
and  the  grid  is  increased  to  a  value  of  100  to  1000  megaohms,  as  is 
censed  by  the  glass  electrode,  then  the  grid  current  can  only  be 
allowed  to  be  from  10^  to  lO^10  amperes  if  10  mV  is  still  considered 
the  allowable  potential  displacement*  Such  a  low  grid  current  can  be 
found  in  special  tubes  —  so -called  ®  electrometric  tubes,®  which  are 
plauged  by  several  disadvantages  as  regards  their  use  in  industrial 
measuring  instruments,  however,  such  as  their  mechanical  sensitiveness 
oauaod  by  direct  heating  and  their  high  price.  Modern  connection 
techniques  make  it  possible  to  use  standard  amplifying  tubes  in  such 
&  way  that  their  grid  currant  remains  under  the  required  minimum 
values*  Prior  to  going  into  details  of  connection,  let  us  take  up 
measures  to  repress  various  components  of  the  grid  current. 

The  grid  electron  current  in  the  residual  current  stage  can  be 
made  insignificantly  snail  by  means  of  a  negative  grid  bias  for  the 
elect rotn ©trio  connections  under  consideration  here. 

The  ion  current  can  be  avoided  only  through  &  good  vacuum  In 
the  respective  tubes*  In  some  cases,  suitable  tubes  must  be  sought 
out  from  among  large  numbers  of  the  same  type. 

The  insulation  grid  currant,  which  can  result  from  faulty 
Insulation  of  the  circuit  portion  grid-cathode,  can  be  avoided  in 
electrometric  tubes  through  mounting  another  grid  at  another  point, 
well  insulated  from  the  other  electrodes.  However,  one  usually 
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experiences  little  difficulty  duo  to  insufficient  insulation  with 
present-day  standard  amplifying  tubes  which  are  usually  used  for  pH 
metering. 

Thermio  grid.  Aftlaalon  1b  greatly  dependant  upon  the  cathode 
temperature  and  can  be  repressed  through  underh eating  of  the  tube*. 
Standard  amplifier  tubes  in  electrometric  oarmectlona  therefore 
usually  operate  with  a  heating  voltage  which  is  reduced  by  10  to 

By  talcing  appropriate  measures,  therefore,  the  grid  current 
of  certain  types  of  standard  amplifying  tubes  in  eloctrometrlo  connec¬ 
tions  can  be  kept  below  the  required  value  of  from  1CT"-  to  10“^® 
amperes. 

Techniques  of  Connecting  Directly  Coupled  pH  Amplifiers 

The  greatest  disadvantage  of  the  basic  connection  was  the 
inaccuracy  of  measurement  caused  by  the  anode  rest  current  being 
inoluded  in  the  reading.  This  can  be  fully  compensated  for,  however, 
by  means  of  s  simple  resistance  connection,  as  shorn  in  Figure  1. 

The  instrument  indicator  of  the  potentiometer  P  can  be  calibrated 
exactly  so  that  the  input  tension  equals  the  zero  point  (Ej  =  0). 

Although  a  considerable  improvanent  is  achieved  through  the 
anode  rest  current  compensation,  this  connection  still  has  many 
shortcomings,  especially  due  to  the  fact  that  the  nonlinearity  of 
the  tube  characteristic  curve  still  is  not  corrected*  The  stability 
of  the  indicated  value  and/or  the  zero  point  is  also  poor  and  strongly 
dependent  upon  fluctuations  in  the  heating  and  anode  voltage.  There 
are  two  measures  which  can  be  taken  to  improve  the  connection  shown 
in  Figure  1  to  the  extent  that  it  becomes  a  laboratory  type  pH  meter 
with  satisfactory  characteristics.  First  of  all,  a  second  tube  system, 
exactly  synmetrio&l  to  the  original,  is  connected  in  place  of  the 
stationary  resistor  R y  The  grid  of  these  tubes  is  given  a  tension 
which  id  adjustable  within  certain  limits  in  order  to  calibrate  the 
zero  point,  tut  which  is  independent  of  the  measuring  voltage.  Through 
this  tynmetrioal  arrangement,  the  influence  of  fluctuating  operational 
voltage  is  reduced  to  a  fraction  of  its  previous  value  and  the  scale 
Stability  is  considerably  better.  The  second  measure  consists  of 
powering  the  tubes  in  the  cathode  amplifier  connection,  whereby  a 
greater  linearization  of  the  characteristic  curve  is  obtained.  The 
resulting  connection  is  shown  in  Figure  2. 

The  voltage  division  found  in  this  connection  parallel  to  the 
aned*  feed  voltage  is  important  in  order  to  be  able  to  adjust  the 
working  point  (i.e.,  the  correct  grid  bias  to  correspond  with  the 
minutest  grid  current)  of  the  tubes. 

It  should  also  be  noted  that  stabilization  of  the  heating  and 
anode  voltage  is  mandatory  to  obtain  satisfactory  stability  in  these 
and  similar  oonneotiona.  The  following  are  used  as  stabilizing  means: 
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nocn  tub eo 

magnetic*  volt  ago  stabilisers 
barrsattora 

electron  tube  regulattrrs 
connections  with  diodea  or  transistors 

A  greater  l^provcmert  is  obtained  b y  enclosing  both  tube  uy3- 
terns  in  a  common  glass  case*  This  is  made  possible  by  the  double 
tr lodes  which  are  available  today,  such  as  E CG  SI,  ECC  83,  E  80  CC» 

Other  Gcnneoticno  for  Directly  Coupled  pH  Measurement  Amplifiers 

A  certain  disadvantage  to  the  otherwise  well  functioning 
connection  eh  own  in  Figure  2  ia  the  relati-rely  low  power  which  io 
available  for  the  meter.  This  is  caused  by  the  fact  that,  duo  to 
low  grid  tension,  they  must  work  with  snode  rest  currents  of  from 
20  to  100  microamperes.  A  correspondingly  high  current  sensitivity 
is  therefore  requir'd  in  the  indicating  instrument.  Furthermore, 
since  the  allowable  measuring  instrument  resistance  is  limited  by  the 
connection,  highly  sensitive  systcns  must  be  usad  which  are,  in  turn 
mechanically  sensitive  due  to  the  low  torsional  moment  of  their 
torsion  spring  Go  Friction  errors  in  particular  can  be  observed  with 
such  sensitive  inert r ament  a.  For  this  reason,  devices  have  been 
developed  which  have  &  power  amplification  after  the  electrometric 
stage.  Robust  indicator  instruments  can  then  be  used,  and  auxiliary 
instruments  and  registering  devices  no  longer  offer  difficulties* 

There  are  basically  two  methods  of  providing  this  power  amplifications 
either  the  connection  of  a  second,  likewise  symmetric  double  triode 
which.  Contrary  to  th«  first,  works  with  higher  anode  current,  or  the 
use  of  the  so-called  modulated  amplifier.  Figure  4  shows  a  practical 
example  of  the  first  method. 

In  the  second  method,  the  lowpctrcr  direct  current  which  is 
created  between  the  input  cathodes  is  charged  into  alternating  current 
by  moans  of  a  modulator,  such  as  a  contact  breaker,  diode  transistor 
or  tube  modulator.  This  alternating  current  voltage  can  be  greatly 
amplified  with  a  etabilo  zero  point  and  later  rectified.  The  connec¬ 
tion  of  one  or  several  indicator  instruments  with,  for  instance,  1 
milliamphwre  sensitivity  for  full  registration  is  possible  without 
difficulty  then.  Figure  5  chows  a  block  diagram  of  such  an  instrument. 

Given  certain  conditions,  the  imxJulator  can  worsen  the  stability* 
If  a  contact  breaker  is  used,  provided  it  has  a  practical  design  and 
correct  contact  material,  no  worsening  of  the  stability  will  be 
noticed*  The  disturbance  potential  created  at  the  contact e,  given 
an  . exterior  resistance  of  a  marinum  of  several  megaohmo,  lies  far 
below  1  millivolt  and  it  is  constant.  On  the  other  hand,  instability 
can  arise  through  the  use  of  diode  and  transistor  modulators,  since 
those  elements  are  very  t  anperatur  e-sen  ait  ive  in  their  electrical 
characteristics*  Symmetric  connect  ions  and  specially  selected  pairs 
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of  elements  bring  only  a  partial  improvement.  Also  the  electronic 
modulation  by  means  of  a  tube  bridge  is  not  drift  free,  but  rather 
functions  similarly  to  &  direct  coupled  direct  current  voltage 
amplifier  stage . 

Many  authoro  r  ©commend  the  no©  of  th©  ^Caecoda”  Principle  as 
a  possibility  of  Improving  the  stability  of  direct  coupled  direct 
currant  voltage  ampl  if  lore  This  stipulates  that  an  amplifying 

tubep  in  place  of  the  usual  Ohmic  -working  resistor*  contains  on 
additional  tube  system  in  th©  anode  or  cathode  circuit,  Figure  6 
describe  a  this  further*  However,  the  author  does  not  know  of  any 
comeroial  pH  measuring  devices  which  use  this  principle. 

Directly  Coupled  Measurement  Amplifiers  With  External  Count er-Coupllng 

The  cathode  amplifier,  as  shown  in  Figures  2-4,  represents  an 
internally  counter-coupled  tub*  connection.  In  contrast  to  this,  we 
speak  of  an  external  aounter-ooupling  when  the  back  feeding  6f  the 
counter-coupled  voltage  takea  place  into  the  amplifier  lead  in  via 
several  tube  stage©.  Suoh  connect  Iona  are  used  in  some  modern  pH 
measuring  devices*  They  have  certain  advantages  over  the  instruments 
shown  in  Figures  2-4,  but  do  not  by  any  means  represent  an  ideal  solu¬ 
tion.  Their  advantage,  for  instance,  consists  of  the  fact  that  the 
zero  point  fluctuation  is  caused,  for  the  most  part,  only  in  the  input 
Stages.  The  influence  of  subsequent  tube  stages  is  reduced  by  the 
factor  of  the  amplification  in  the  intervening  portion.  Additional 
advantages  aan  be  noted  in  the  speed  of  adjustment  and  the  exactness 
of  amplification.  However,  these  stated  advantages  apply  only  in  the 
case  of  sufficiently  groat  interior  amplification,  that  is  to  say, 
strong  counter  coupling.  The  charaot eristics  of  suoh  an  amplifier 
can  be  expressed  with  the  help  of  Figure  7- 

In  order  to  obtain  the  above  mentioned  advantages,  it  must  be 
given:  %  *  9*  100  to  1000  (as  great  as  possible). 

Whan  external  counter  coupling  is  used,  the  same  viewpoints 
apply  for  the  input  stage  as  regards  grid  current  as  are  given  for 
the  simple  connection.  In  this  situation,  therefore,  counter  coupling 
has  no  advantages. 

A  disadvantage  of  such  connections  is  the  complicated  potential 
relationship  within  the  amplifier,  as  necessarily  results  when  more 
than  two  directly  coupled  tube  stages  which  are  connected  in  series 
and  fed  from  a  o canon  anode  voltage  source.  An  electronic  voltage 
regulator  should  be  used  to  produce  the  relatively  high  operating 
voltage  neceeaary  for  this,  to  include  the  povnar  required  for  a  strong 
raitage  divider.  Thus  a  considerably  greater  source  is  needed  than 
for  the  connections  shown  in  Figures  2-4.  This  is  compensated  for  by 
only  a  partial  improvement. 


The  feed  in  of  tho  Counter  coupled  voltage  can  actually  be 
done  at  another  point  besides  the  input  stage,  as  is  show  in  Figure  7. 
An  electrometric  measuring  amplifier  has  been  dosaribed  /  9_7  in  which 
the  counter  coupling  passes  via  the  heating  of  the  direotlyheated 
electrometric  input  stage-  The  method  is  seen  in  the  simplified  soh«ne 
shown  in  Figure  8.  The  attainable  Eero  point  stability  is  stated  to 
bo  0.15  millivolt  par  hour. 

Directly  Coupled  Measuring  Amplifiers  With  Automatic  Drift  Compensation 

HI  measuring  devices  which  use  this  principle  represent  a 
specialty  in  the  developmental  series  of  directly  coupled  direct 
current  amplifiers.  The  manner  of  functioning  of  the  automatic, 
intermit  out  drift  control  can  be  explained  with  the  h«lp  of  Figure  9. 

A  voltage  amplification  factor  of  r  *  1  Is  assumed  for  the 
amplifier,  which  corresponds  to  a  counter  coupling  factor  of  &  ■  1 
for  a  counter  coupled  amplifier.  During  the  measuring  phase,  three 
voltages,  which  are  connected  in  seriep,  lie  at  the  inputs  the  meas¬ 
uring  voltage  Sg,  the  voltage  of  the  oondansor  U0  and  a  disturbance 
voltage  Ojt  which  corresponds  to  a  zero  point  displacement  (drift). 
During  the  "control  phase,"  B*  is  diverted  and  the  condensor  is  loaded 
to  the  drift  voltage  Uyt  (in  the  opposite  direction)  via  the  amplifier# 
If  the  time  constant  C  of  the  oondansor  is  Sufficiently  large  and  if 
the  amplifier  input  is  correspondingly  highly  resistant,  then  the 
loading  of  C  will  fully  compensate  the  disturbance  voltage  Um^  during 
the  next  measuring  phase.  With  a  cocBLercla.il y  available  pH  meter,  the 
measuring*  phase  lasts  1  second,  whereas  the  drift  control  is  completed 
in  0.015  second. 

This  process  places  certain  dqnands  on  the  exact  functioning 
of  the  switch  contacts.  For  this  reason,  and  largely  because  of  the 
high  resistance  of  the  input,  a  Special  relay  is  required#  There  is 
no  knojtn  experience  factor  concerning  the  suitability  of  this  measuring 
principle  for  precision  pR  meters. 

I*  Measuring  Devices  with  Modulated  Amplifiers 

General 


Here  the  changing  of  the  electrode  potential  into  alternating 
current  voltage  takes  place  directly,  as  opposed  to  the  devices  aim*  inr 
to  Figure  4°  All  tubes  work  as  alternating  current  voltage  amplifiers 
in  standard  connection,  thus  being  zero  point  stabile  and  unaffected 
by  grid  currents.  A  good  measuring  accuracy  and  linearity,  as  well 
as  the  required  high  input  resistance,  is  obtained  through  a  powerful 
counter  coupling. 

The  same  relationships  apply  as  for  the  directly  coupled 
amplifier  with  external  counter  coupling.  The  attainable  input 
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uiotanco  ia  dependent  upon  other  faotorfl,  howovor,  oino«  no  grid 
current  cff  uct  oooutb.  The  inoreoLGc  of  the  Input  rcaiat&nce  takes 
place r  tn  modulated  cmplifiora,  according  to  tho  ratio 

H0  »  H«(l  *  a»Vx) 

whore 

Rqv  »  input  resistance  without  counter  coupling 

fte  =  input  resistance  with  counter  coupling 
a  s  Counter  coupling  factor  (actually  0.1  -  1) 

Vi  -  internal  amplification  V1  ■* 

If  Re*  «  ?-50  magaohms  and  the  effective  input  resistance  should, 
conaidering  the  highly  resistant  measuring  chain,  amount  to  1  •  lCr^* 
Ohma,  then  a  •  Vj  -  must  equal  400.  For  stability  of  measure¬ 

ment  accuracy  and  linearity,  a  sufficiently  great  a  •  is  also 
important  and  renders  the  device  practically  independant  of  tube  age, 
tube  replacement  and  grid  voltage  fluctuation.  From 

*"2  =  I 

(given  &  counter  coupling  factor  a  l)  it  can  bo  aeon  that  with 
sufficiently  great  V^,  the  numerator  practically  disappears  and 
Ej  Ex  results.  Depending  upon  the  choice  of  the  counter  coupling 
factors,  values  of  7^  =  100  to  10,000  are  required.  A  dropping  of 
Yl  of  50?,  as  from  =  1000  to  =  500,  results  in  no  visible  indi¬ 
cator  change. 

Instrument o  with  Vibrators  or  QaoLllating  Condepsorg 

At  the  present  time,  the  contact  vibrator  and  tho  oscillating 
oonderftor  are  the  most  important  modulators  in  practice.  Figure  11 
liiovd  typical  input  connections. 

The  doubled  GhR  link  at  the  tube  grid  s&crvee  to  keep  the 
Voltage  which  results  from  grid  current  between  the  grid  and  ^mimiaf1 
from  entering  the  modulator. 

With  vibrators,  the  disturbance  voltage  caused  by  the  -contact 
potential  is  most  noticeable  and  impossible  to  eliminate  completely. 
This  disturbance  voltage  depends  upon  the  value  of  the  external 
resistance,  the  contact  material,  the  cleanliness  of  the  contact 
surfaces  and  the  frequency  of  the  vibrator.  Certain  gold  alloys  ? 
havya  proven  themselves  a  contact  material,  but  greater  improvement  is 
hardly  to  be  expected  in  this  area.  By  reducing  the  frequency  of  the 
vibrator,  this  potential  can  be  reduced  approximately  proportionately. 
However,  there  is  a  limiting  factor  if  the  measuring  amplifier  is 
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required  to  fnlXcnr  r*pid  ©haulers  in  tho  measured  value.  T/ell  lcaown  pfl 
n«toro  therefore  ucs*  only  50  or  25  oy&l<;  vibrator  fr&quoncioa.  The 
advantage*  of  a  ijmaller  contact  potential  with  tho  25  oyole  vibbator 
brings  with  it  largo  disadvantage#,  for  n  frequency  reducer  is  required 
aa  trell  up  a  second  vibrator  which  is  used  aa  a  rectifier#  i'  a  extmplo 
of  the  values  of  contact  potentials  with  contact  vibrators,  a  pH 
meter  which  works  with  50  cycle  vibrator  showed  a  contact  potential 
of  2  to  10  millivolt?  at  a  measuring  chuin  resistance  of  1000  megohms. 

Tho  oscillating  coiidensor  alsjo  has  a  disturbance  voltage,  which 
la  also  called  a  contact  potential.  Of  greatest  importance  it  tho 
typo  of  natcrial  and  the  surface  ef  tho  plates.  They  can  achieve 
satisfactory  ro suits  wi  th  g'>ld  plated  >*nd  dust  free  t^rrangtciento * 

Thcro  arc  also  some  tataan  oscillating  oondenaora  which  arc  hermetically 
o  cal  ad  and  operate  partly  in  a  protective  goc  atmosphere.  However, 
nuoh  types  hardly  cocno  into  question  as  industrial  rti  meters  because 
of  their  prohibitive  cost.  Contrary  to  the  contact  vibrator,  a  high 
frequency,  such  as  400  cycles,  can  be  beneficial  in  some  cas^  <w  The 
values  of  the  contact  potential  rre  higher  with  the  simple  models 
than  with  the  vibrator  and  can  amount  to  as  much  as  50  millivolts  at 
1000  Megohms#  A  further  increase  to  ^allowable  high  values  can  occur 
after  several  months  of  continuous  operation. 

BlftCtronio  Modulation 

In  principle,  an  electronic  tube  can  serve  to  transform  direct 
measuring  current  voltage  into  a  proportional  alternating  current 
voltage#  Such  connections,  whiah  usually  work  with  a  tube  bridge 
arraagfioant,  have  been  variously  described  •  Their  importance 
for  pH  iieters  is  not  groat  today,  however,  since  they  are  plagged 
by  the  nmo  drift  characteristics  a?  are  known  with  directly  coupled 
amplifiers. 

^Tko  Channol  Amplifier11 

Directly  coupled  direct  voltage  current  amplifiers  and  modulated 
amplifiers  oan  be  combined  with  each  other  in  such  a' way  that  the 
advantages  of  both  *y» teens  can  be  utilised#  The  combination  is  aa 
follows i  rapid  ahanges  in  the  measured  valued  are  passed  through  the 
directly  coupled  channel,  while  slow  fluctuations  (drift)  are  corrected 
in  a  slow-rtaming  vibrator  amplifier.  If  tho  frequency  of  the  vibrator 
Is  only  5  cycles,  for  instance,  then  its  contact  potential  is  so  small 
that  tho  measuiausnt  of  the  most  highly  resistant  measuring  chains  — 
op  to  2000  megohms  —  becomes  possible  /lo/ • 

is  tho  directly  coupled  main  amplifier  which  is  affected 
by  the  disturbance  voltage.  Its  output  voltage  E2  is  fed  back  into 
the  input  via  the  counter  coupling  circuit  a  with  a  •  S^.  Up  to  this 
point p  the  same  conditions  exist  as  with  the  amplifier  in  Figure  1 3  — 
that  io,  the  disturbance  voltage  a,  which  is  always  present  and  is 
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caused  by  drift  and  other  atiuseo,  appoare  at  its  folleat  value.  Tho 
external  /oltago  io  l/a.  By  comparing  the  measuring  voltage  B*  with 
that  portion  of  the  fed  back  voltage  a  •  Bo*  the  value  of  u  is  obtained, 
u  is  then  fed  to  tho  correcting  amplifier  V2*  In  the  form  of  a  alowly 
operating  vibrator  amplifier,  it  a  disturbance  voltage  will  be  so 
minimal  as  to  bo  ignored.  An  exact  crcaminatio n  reveals  that  the 
disturbance  voltage  of  the  main  amplifier  u  is  reduced  by  the  factor 
1 A2  ^  the  output  voltage  V2  is  fed  back  to  the  main  amplifier  input 
with  the  correct  phase.  With  sufficient  stabilization  of  Vg,  the 
stability  becomes  extraordinarily  good,  so  that  this  principle  is 
suitable  for  pH  measuring  amplifiers  in  spite  its  groat  ooot. 

Principle  of  Compensation 

The  most  reliable  method  for  measuring  electrochemical  poten¬ 
tials  io  compensation.  The  voltage  to  be  measured  is  placed  opposite 
a  polarity  which  is  adjusted  to  be  the  reverse  of  the  voltage,  and 
then  alternated  until  the  voltage  difference  ia  zero.  Hie  accuracy 
of  this  type  measuring  instrument  is  dependant  only  upon  the  precision 
of  the  resistors  used  and  the  accuracy  of  calibration  of  the  voltage 
source*  A  standard  element  is  often  used  as  a  calibrating  standard, 
while  a  highly  stabilized  circuit  rectifier  is  used  as  the  compen¬ 
sation  voltage  source.  In  older  instruments,  a  battery  or  the 
standard  element  itself  is  used.  We  differentiate  between  self- 
equalizing  compensators  and  those  with  which  the  equalizing  must  be 
done  manually.  For  the  beat  aoouracy,  manual  compensation  is  preferred. 

Compensating  Measuring  Devices  With  Manual  Bqualizing 

The  basic  connection  requires  certain  additions  in  order  to  be 
able  to  measure  highly  resistant  potential  sources. 

This  applies  particularly  to  the  zero  indicator,  since  practi¬ 
cal ly  no  power  is  available  due  to  the  high  resistance  of  the  meas¬ 
uring  chain.  A  direct  reading  moving  coil  instrument  ±6  therefore 
not  suitable.  The  necessary  tube  amplifier  oan  be  either  directly 
coupled  or  constructed  like  a  modulated  amplifier.  For  purposes  of 
obtaining  the  greatest  poo  Bible  aoouraoy,  the  latter  should  be  given 
preference  since  it  possesses  the  possibility  of  attaining  a  high# 
siero-point-8tabile  voltage  amplifier.  Figure  13  shows  a  block  diagram 
of  such  a  compensator. 

The  modulated  amplifier  used  with  this  device  provides  a  voltage 
amplification  so  strong  that  the  zero  indicator  uses  magic  eye  differ¬ 
ence  voltage  of  less  than  0.5  millivolts  and  gives  veiy  definite 
registrations.  The  measuring  of  electrode-chains  up  to  1000  megohms 
is  quite  possible. 

gfrl^-Brualiztng  Camponoatoro 

The  equalization  is  best  accomplished  with  a  servo  motor.  In 
order  to  obtain  sufficient  accuracy  with  rapid  adjustment  —  1  or  2 
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seconds  for  the  full  range  —  a  damping  generator  or  a  special  connec¬ 
tion  with  a  corresponding  function  is  absolutely  necessary* 

The  servo  motor  runs  and  adjusts  the  potentiometer  sliding 
contacts  so  long  until  the  difference  voltage  Ej_  «  K*  +  E2  (see 
Figure  13)  approaches  »ero.  The  attainable  a dju *tment~ac c ura c y 
therefore  dejendn  upon  the  available  degree  of  amplification.  On. 
the  other  hand,  amplification  cannot  be  increased  to  any  desired 
hoight,  or  the  entire  systaa  would  begin  090 illation.  Limits  are 
set  to  the  stability  attainable  with  the  damping  generator  or 
correspondingly  functioning  connection.  The  adjustment  accuracy  . 
attainable  with  standard  means  with  such  instruments  is  therefore 
usually  given  as  0.2  to  0-3$  of  the  final  value.  50  cycles  is  the 
usual  modulation  frequency  since  it  is  easiest  to  connect  the  second 
motor  winding,  which  is  fed  with  alternating  current  voltage, 
directly  to  the  circuit* 

Self- equalizing  compensators  art  usually  designed  as  register¬ 
ing  instruments,  oinoe  the  driving  power  of  the  servo  motor  la  easily 
sufficient  to  drive  an  Inscribing  stylus. 

Figure  14  shows  a  modern  compensator  graph.  For  automatically 
recording  the  titration  curves,  the  paper  advancer  is  combined  here 
with  the  piston  burette.  The  instrument  uses  a  cocmon  ball  point 
insert and  has  a  usable  recording  width  of  250  rmu  Adjustment  is 
rapia  accurate. 

Suianary 

The  problem  of  mass  producing  the  above  desoribed  special 
tubes  which  are  reliable  in  continuous  operation  can  be  considered 
as  having  been  solved. 

-  pH  measuring  devices  can  be  divided  according  to  type  into  two 
main  olo8oe8.  In  the  first  group,  the  measuring  voltage  is  fed 
directly  to  the  indicator  dial  after  amplification.  A  directly 
coupled  or  a  modulated  amplifier  can  be  used,  a  combination  of  both 
also  being  possible.  The  second  main  group  works  on  the  compensation 
principle.  The  measuring  voltage  is  placed  opposite  a  variable, 
calibrated  compensation  voltage  and  alternated  until  the  difference 
voltage  is  zero.  The  aontrol  of  the  compensation  current  can  be 
mtrniai  or  automatic  by  means  of  a  servo  mechanism,  the  latter  method 
oft  on  being  combined  with  a  registering  device  (coopensograph)  • 

A  special  class  are  the  direct  reading  devices,  in  which  the 
measuring  voltage  is  partially  compensated  by  an  adjustable,  staged 
counter  current.  The  device  shown  in  Figure  3  works  on  this  principle. 
In  connection  with  these  instruments,  one  speakr  of  "partial  compen¬ 
sation  ♦" 
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Measuring  amplifiers  with  external  court er  coupling  can  also 
bs  considered  as  seif -equalizing  compensators.  From  those  consider¬ 
ations,  there  results  the  above  mentioned  increased  acouracy  and  — 
in  the  case  of  the  modulated  amplifier  — -  the  magnification  of  the 
input  resistance ♦ 
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Fig.  1.  Principle  of  anode  reet  current  compensation. 
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2«  Improved  Arr*n$«!&*nt  for  Anod#  currrnt  campAn«*tian  with 
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oonn*otion# 


p 


Flic.  3.  Praoialoa  pH  «#t#r  with  partial  eoapaaaatlon 

Qf  tha  iHaurlnc  ▼oltaga.  Ill  optrating  *oltag«a 
ara  alaatroaloallj  »tabiU»t4  iMetraote  Corpor¬ 
ation*  Itrleaui  fiwitgarland)* 
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?iij.  i».  tflriag  aehaaa  of  an  arrangaaatt  with  as  alactro- 
aatric  t*)  a  powa?  amplification  stage* 


1  •  Modulator 

2*  Additional  instruments 


Fig  5*  Block  diagram  ot  an  instrument  with  elaotrometrio 

iqput  otag«  and  stubs  equant  power  amplification 
by  naans  of  nodulated  amplifier* 
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Fig  6.  Loft:  Case ode  Principle*  Rights  Symmetric  direct 
currant  roltage  amplifier  in  a  Concede  arrangement 
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P^r-.  7^  Counter  coupled  amplifier* 


Interior  amplification 
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External  amplification 
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rif«  6-  Counter  coupling  via  the  beating  of  the  dlreotly 
heated  eleotremetrie  la put  stage. 


rig.  9.  Principle  ef  the  intermit  eat  drift  eompeaeatle* 
Ii  Measurement  phase 
II:  Cental  phase 
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Fig  10.  Modulated  Amplifier  eith  Cxttrul  Counter  couplla* 


Fig  U.  Inpat  ooonvctioaa,  a)  with  vibrator, 
b)  with  oaoillatinf  ooaaaaaor. 
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FI*  12.  Two  channel  amplifier. 


1.  Modulator 

2.  AafUflir 

9*  Fkautt-^tiftltlv*  miliitr 
4.  ladle at ar  Alai 
9*  ll««troA« 

6.  Coapeaeatloi  volte** 

7*  lack  feed  volte** 

8.  Cathode 

FI*.  13*  Block  dla*raa  of  a 
preolaion  oaapenaetor. 
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Fie*  !A.  A  c onp ena at o graph  for  registering  the  potential 
of  highly  reaietaat  atavurlnf  ohalna .  A  com¬ 
bination  of  piston  burette  and  magnetic  scribe 
for  the  automatic  recording  of  the  titration 
curves  (Mfctroha  Corporation*  Her lean,  Switx.). 


